The glycerol portion of lipids may be derived biosynthetically by reduction of dihydroxyacetone phosphate to glycerolphosphate, and then be acylated with fatty acids or, alternatively, dihydroxyacetone phosphate may first be acylated and then reduced to I-acyl sn glycerol-3-phosphate. Since the former pathway utilizes NADH for reduction of the C-2 carbonyl, while the latter requires NADPH, we were able to compare the relative participation of the two pathways for phospholipid synthesis by measuring the incorporation of radioactivity from tritiumlabeled NADH and NADPH into C-2 of lipid glycerol. The acyl-dihydroxyacetone phosphate pathway plays a significant role in glycerolipid synthesis in mouse liver homogenates and a clearly dominant one in Ehrlich ascites tumor cell homogenates. This finding is related to a reported lack of glycerol-3-phosphate dehydrogenase in tumor cells and to their high glycerol ether lipid content.
Long-chain acyl-dihydroxyacetone phosphate (DHAP) was first observed in experiments on rapid labeling of mitochondrial lipids with [32P]Pi and [7- "2P]ATP (1) . After identification of the novel lipid and its chemical synthesis (2), we found enzymic activity in subcellular particulate preparations from guinea pig liver for its biosynthesis (3) from acyl-CoA and DHAP and for the enzymic reduction of the acyl-DHAP formed to-1-acyl an glycerol-3-phosphate (lysophosphatidate) by NADPH but not by NADH (4) . Liver mitochondrial and microsomal preparations catalyzed further acylation of the lysophosphatidate to phosphatidate (5) . A pathway was proposed whereby phosphatidate is synthesized from DHAP without the participation of glycerolphosphate dehydrogenase (GPDH, L-glycerol-3-phosphate:NAD oxidoreductase EC 1.1.1.8), or of i-glycerol-3-phosphate (6) . Estimates of the extent of participation of the two pathways are inferential. The level of enzymes for the alternative acyl-DHAP pathway is comparable to that for those of the established glycerolphosphate pathway (3, 5) . An appealing aspect of the new pathway lies in its selectivity for saturated fatty acids for the acylation of DHAP, which might account for the observed preponderance of saturated fatty acids on C-1 of glycerol of natural phospholipids (5) . Acylation of glycerol-3-phosphate in titro in the presence of saturated and unsaturated acyl-CoAs produces a random distribution between carbons 1 and 2 (7) .
Despite such indirect suggestions that the acyl-DHAP pathway might be important, there has been no direct or more quantitative evidence for its role.
To clarify this question, we have prepared specifically labeled pyridine-nucleotide cofactors. Since GPDH requires NADH, while the acyl-DHAP reductase requires NADPH, the labeled substrates should be specific for the two pathways. In the present report, we have analyzed the radioactivity in the hydrogen at carbon-2 of glycerol obtained from lipids after they were incubated with the appropriate 3H-labeled coenzyme.
MATERIALS AND METHODS
[B-3H]NADPH* was prepared by the method of Pastore and Friedkin (9) . Two mCi of [1-'H]glucose (New England Nuclear, 792 Ci/mol in 2.0 ml of water) were added to 0.375 ml of 0.1 M glycyl-glycine buffer (pH 7.5), 0.15 ml of 0.1 M MgC12, 0.3 ml of 0.1 M ATP neutralized with KHCO3, 0.3 ml of NADP (Boehringer, 10 mg/ml), 0.3 ml of hexokinase (Boehringer, diluted with 4 volumes of water), and 0.06 ml of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) (Boehringer).
After 2 hr of incubation at room temperature, the mixture was diluted with 19 volumes of ice-cold distilled water and applied directly to a DEAE-cellulose column (9) . The radioactive fractions corresponding to ['H]NADPH were pooled and then divided into 2-ml aliquots and stored frozen at -76°C. Individual tubes were thawed as needed and 1 ml was generally used for quantitative conversion to [B-'H ]NADH as follows. To 1 ml of the labeled NADPH were added 0.06 ml of 0.32 M ethanolamine* HCl buffer (pH 10.1) and 0.01 ml of calf intestinal alkaline phosphatase (EC 3.1.3.1) (Sigma, 20 ,ug in 0.3 ml of the ethanolamine buffer containing 0.01 M magnesium acetate). After incubation for 10 min at 37°C, the mixture was heated at 100°C for 2 min, then chilled and used as such for further incubations.
Purity of the labeled NADPH and NADH were periodically checked by high-voltage electrophoresis. Samples (10 ,Al) were applied to Whatman No. 1 paper and allowed to migrate in 0.05 * When tritium is introduced into NADPH via enzymic reduction of NADP by [1-3H] glucose-6-phosphate, the isotope is present in the B-position. We found the [B-'H]NADPH to enzymically reduce acyl-DHAP with the production of [2-3HJ-1-acyl en glycerol-3-phosphate, establishing utilization of the B hydrogen in this reduction. GPDH is a "B" specific enzyme (8) . As (10) . Cells from two donor mice were combined, centrifuged at 80 X g for 5 min, and then washed 3 times by centrifugation at 80 X g for 5 min with 4 volumes of 0.9% NaCl at 2°C to remove red cells. The tumor cells were packed at 800 X g for 10 min and then suspended in 10 volumes of 0.25 M sucrose. Cells were disrupted by sonication at 2°C in a Branson sonifier at position 4 for two 30-sec periods. The supernatant mixture obtained after centrifugation at 800 X g for 10 min was used for incubation. Livers (3.8 g) from the 2 mice were homogenized in 4 volumes of 0.25 M sucrose; the supernatant homogenate obtained after centrifugation at 800 X g for 10 min was used for incubation.
For both ascites cells and liver homogenates, incubations were in air at 37°C with shaking in 20 X 150 mm test tubes. Each incubation vessel contained 0.5 ml of homogenate, 42 mM potassium phosphate buffer (pH 7.0), 0.3 mM NADH, 0.3 mM NADPH, 1.2 mM ATP, 1 mM MgC12, 0.035 mM coenzyme A, 9 mM cysteine, and 70.5 mM NaF (11) in a total volume of 1.2 ml. After incubation for 10 min, 4.5 ml of methanol-chloroform 2: 1 was added to each tube, followed by 0.1 ml of 6 N HCl. Lipid extraction, counting, column chromatography, and alkaline methanolysis are described elsewhere (12) . Partition after alkaline methanolysis distributed glycerol and glycerol phosphoesters into the upper (aqueous) phase, while uncleaved lipids and methyl esters of fatty acids were distributed into the lower (organic) phase.
For assignment of positional distribution of radioactivity in glycerol, the upper phase obtained after alkaline methanolysis was subjected to periodate degradation (13) . To aliquots of deionized upper phase (12) in 2.5 ml were added 50 ,; of an aqueous solution containing 5 mg of glycerol, 1.5 ml of 0.1 N sodium acetate buffer (pH 5), and 1.0 ml of 0.2 M sodium metaperiodate. The mixture was kept in the dark at room temperature for 1 hr, then 0.5 ml of 0.2 M sodium arsenite was added and the mixture agitated. 2 ml of Dimedone (20 mg/ml in 50% ethanol) were then added and the mixture was kept at 20C overnight. Absolute ethanol, 0.5 ml, was layered over the surface of each tube and the Dimedone precipitate was sedimented at 10,000 X g for 15 min in Corex tubes in the SS-34 rotor of a Sorvall RC2B centrifuge. The pellet was dissolved in 2 ml of toluene and was backwashed with 2 ml of 0.01 M glycerolphosphate, dried, then counted after the addition of scintillation fluors. The backwash was combined with the Dimedone supernatant fraction, neutralized with KOH, and a portion was dried and counted in 10 ml of toluene scintillant containing 1.0 ml of BBS-3 solubilizer (Beckman).
RESULTS

Formation of labeled lipid
Mouse liver and ascites cell homogenates were incubated for 10 min with either [B-3H]NADPH or [B-3H]NADH, and the additions indicated in Fig. 1 . The presence of glycolytic precursors of glycerol differentially stimulated tritium uptake from NADPH, yet had a smaller and opposite effect on incorporation of radioactivity from NADH. Labeled NADPH uptake was relatively high in ascites cell homogenates, although significant uptake from both precursors was seen.
To further establish the nature of the labeled lipid formed and the location of the radioactivity within each lipid class, the incubation products shown in Fig. 1 were separated by silica gel chromatography (Table 1) into those eluted with chloroform (fraction I), with chloroform-methanol 7:3 (fraction II), or with chloroform-methanol 1:2 (fraction III). Recovery into the three fractions was 65-76% of the starting extract of lipids from Ehrlich ascites cell homogenates and 77-85% for lipids from mouse liver. Almost all of the recovered radioactivity was in fractions I and II. Fraction I contained free fatty acids in addition to neutral lipids (mainly cholesterol, diglyceride, triglyceride, and glycerol ethers). In general, radioactivity was predominantly in fraction II, and was attributable to the presence of labeled phosphatidate, but also, when present, to labeled lysophosphatidate and acyl-DHAP. Fraction III contained phosphatidylcholine, phosphatidyl ethanolamine, etc., and was not extensively labeled during the 10-min incubation. Lipids from incubations described in Fig. 1 were separated on a silica gel column. The various fractions were then subjected to alkaline methanolysis.
* Numbers in parentheses are % of recovered radioactivity in the aqueous phase after partition of the methanolysate. Formaldehyde produced by periodate oxidation was precipitated with Dimedone. Fraction II was, in addition, oxidized after alkaline phosphatase treatment (see text).
Possible interconversion of nucleotide coenzymes
After a 10-min incubation, 20-1ul aliquots of homogenate were applied directly to paper previously impregnated with borate buffer and subjected to high-voltage electrophoresis. No significant amount of conversion of labeled NADH to NADPH, either by transhydrogenase or lyase-kinase activity, was noted.
Studies on whole cells
Because of a report that NADH might enter Ehrlich ascites cells (14) , washed whole cells were incubated with the two labeled pyridine nucleotides. Results similar to that seen in homogenates were obtained for the lipid fractions, but there was much reduced incorporation. Labeled oxidized or reduced pyridine nucleotides were not detected inside the cells, indicating no penetration by the labeled nucleotides.
Identification of labeled lipids
Over two-thirds of the labeled lipid was present in fraction II; thin-layer chromatography showed that most of the radioactivity comigrates with phosphatidate. A few additional percent migrated in an area corresponding to lysophosphatidate + acyl-DHAP, which could not be separated in the solvent system used (chloroform-methanol-acetic acid-water 100:40:12:4). Fraction I lipids were separated on silica gel G with diethyl ether-benzene-ethanol-acetic acid 40:50:2:0.2 and, in each instance, counts were found corresponding to migration rates for triglyceride and for the region corresponding to diglyceride + fatty acid. No evidence for labeled glycerol ether was found in these experiments, although added batyl alcohol is eluted in fraction I.
DISCUSSION
Alternate biosynthetic pathways in biological systems are difficult to evaluate quantitatively. Their relative contribution to carbon flow in vivo is always highly inferential. Substrate concentration, as well as turnover rates, can effect the ultimate participation of alternative pathways, and homogenates are of necessity unphysiological, since cellular components and enzymes are diluted. Because of the inability of the substrates used to enter whole cells, we were obliged to use broken cell preparations. It seemed that the ascites tumor cell was a good candidate for involvement of the acyl-DHAP pathway because of its known deficiency of GPDH (15) . This was borne out in the present study. By using substrates that would each selectively reflect activity of one of the two pathways, and by degrading the labeled lipids formed, we were able to demonstrate participation of the acyl-DHAP pathway as distinguished from the glycerolphosphate pathway. Under the conditions used, no complicating transhydrogenase activity was noted. NADPH and NADH both contribute radioactivity to the aqueous and to the organic phase obtained after alkaline methanolysis of lipids. Much of the activity in the organic phase is present in fatty acids. NADPH is probably a superior precursor of fatty acids because both de novo synthesis of fatty acid and partial reversal of a-oxidation can lead to NADPH radioactivity entering fatty acid. The lipid phase of fraction I methanolysates might also contain labeled cholesterol and labeled glycerol ether. Since the alkyl-DHAP is reduced by NADPH in brain (16) , its dephosphorylation could lead to the presence of labeled glycerol ether in the lower layer, although Experiments from several laboratories (17, 18) (20, 21) . It has recently been shown in brain that acyl-DHAP is a precursor of alkyl-DHAP and that the latter is reduced to alkyl-glycerolphosphate via NADPH (16) . Brain also contains significant amounts of glycerol ethers (22) and is relatively deficient in GPDH (15) . The 
